The d i f f e r e n t i a l s c a t t e r i n g cross section f o r e l a s t i c c o l l i s i o n s of 345
Our source of high energy protons i s the external beam of t h e 1td-inch
Berkeley cyclotron. In t h i s beam i s placed a hydrogenous t a r g e t ; e i t h e r polyethylene ( c H~) or l i q u i d hydrogen. The protons scattered out of t h e 1 beam (and out of t h e t a r g e t ) a r e counted e i t h e r singly (method I ) or e l s e both t h e scattered and struck protons a r e detected simultaneously by two counters in coincidence (method 11). I n t h e l a t t e r case the two protons emerge from t h e t a r g e t a t about 90' from each other, a c h a r a c t e r i s t i c which helps very g r e a t l y i n t h e separation of p-p s c a t t e r i n g from other s c a t t e r i n g processes. both methods a r e aided by two developments: t h e inventicn by Leith of a method f o r obtaining a f a i r l y long (25 microsecond) beam pulse time using deflection by multiple s c a t t e r i n g within t.he cyclotron vacuum 5 tank; and t h e development of trans-stilbene c r y s t a l counters and associ-6,7
ated equipment with a resolving time f o r coincidences of about 4 x loe8 sec .
A schematic diagram of the apparatus (method 11) i s presented i n Fig. 1 .
The beam deflected from t h e cyclotron and collimated through t h e shielding walls impinges on t h e t a r g e t T ( a f o i l of polyethylene), The protons, .. . scattered and r e c o i l , are detected i n t h e s t i l b e n e c r r s t a l s A and E, each viewed by a lP21 photomultiplier tuloe. A subtends the smaller s o l i d angle f l , and B i s such t h a t every proton through 6 sends i t s counterpart through B;
as a matter of f a c t , E subtends a l a r g e r s o l i d angle than would be necessary t o s a t i s f y t h e condition s t a t e d above i n order t o be safe from losses of coincidences due t o multiple s c a t t e r i n g e f f e c t s and defects i n alignment.
C . E. Leith, Phys. Rev. 28, 89 (1950) . Ginston, Hewlett, Jasberg, and Hoe, Proc. I. R. E. &, 956 (194.8) .
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The beam i s ~tlonitored by measuring t h e ioniaation produced i n a shallow ionization chamber f u l l of argon which has ( i n t u r n ) been ~a l i b r a t e d ' a~a i n s t t a Faraday cup.
Let us c a l l N t h e number of hydrogen atoms per om2 i n the t a r g e t meas-C ured i n t h e d i r e c t i o n of t h e indident beam, n t h e number of protons t h a t crossed t h e t a r g e t and H t'he number of coincidence counts between A and B due t o hydrogen i n t h e t a r g e t . Let (g be the angle between t h e l i n e from t h e t a r g e t t o counter A and t h e d i r e c t i o n of t h e primar
. 9
t h e d i f f e r e n t i a l s c a t t e r i n g cross section (laboratory s y s t
4) --H/(nW (1)
Passing t o t h e center of mass system: t a n @ / 2 ) = [I. + (E/~UC~)]''* t a n (3 where a(@) i s t h e d i f f e r e n t i a l s c a t t e r i n g cross section i n t h e center of mass system, a t angle 8 from t h e beam i n the center of mass system of qoordinates, E i s t h e k i n e t i c energy of t h e incident protons (lab. system), hlc2 I -% i s t h e proton r e s t energy.
W e s h a l l now ddscribe our operations and the measurements of t h e single f a c t o r s entering i n t o Eq. ( 1 ) . Fig. 2 gives a general plan of t h e cyclotron showing t h e path of t h e protons i n t h e external beam. A t large r a d i i (about 8 1 inches) t h e proton o r b i t s show l a r g e v e r t i c a l o s c i l l a t i o n s and much of t h e i n t e r n a l beam s t r i k e s e i t h e r of two grgphite blocks placed above and below the normal beam plane.
A few of t h e protons are deflected by multiple s c a t t e r i n g i n t h e graphite i n such a way a s t o enter t h e magnetic shielding tube ( t~m a~n e t i c deflector") through which t h e protons a r e l e d away from t h e main f i e l g o f , t h e cyclotron.
The coll5mator. C i s , shown $n more d e t a i l i n Fig. 3 . Its. aperture can be changed from two inches t o 1/4 inch; we used it i n t h e range 1/2 t o 1
The a x i s of t h e c o l l i m a t~r hole was adjusted t o be p a r a l l e l t o t h e beam t o within 0 . 0 0 1 r a d i a n . The c e n t r a l hole of t h e collimator could be , preceded by c y l i n d r i c a l boxes f u l l of lithium metal i n order t o reduce t h e energy of t h e emerging protons.
The homogeneity i n energy of t h e emerging beam i s very s a t i s f a c t o r y a s 8 shown by t h e Bragg curye given i n another a r t i c l e . This i s obtainable by putting 2 shallow ionization chambers i n t h e beam between which i s a v a r ia b l e copper absorber. The r a t i o of t h e current i n t h e second chamber t o t h a t i n t h e first chamber i s p l o t t e d a s a function of absorber thickness.
The sharp peak a t t h e end of t h e curve i s an i n d i c a t i o n of t h e homogeneity
i n t h e energy of t h e beam.
The bending magnet i n combination with t h e t h r e e collimating holes \ through which t h e beam must pass gives a momentum s e l e c t i o n t o about one percent. Evidence t h a t few very low energy protons a r e generated i n t h e collimator tube material i s obtained from t h e coincidence counting method -.
( a s explained i n connection with Fig. 8 ).
The current i n t h e beam was measured i n an i o n i z a t i o n chamber of t h e type shown i n Fig. 4 , which was c a l i b r a t e d against a Faraday cup a t t h e highest energy used (345 ~e v ) . The Faraday cup, which i s our primary stand- 4. Across t h e f a c e of t h e Faraday cup i s a t h i n f o i l (bias f o i l ) which can be biased t o t e s t f o r t h e e f f e c t of secondary e l e c t r o n emissicn from t h e , I
8 .
Mathq and E. segr\s, Phys. Rev., i n press; (UCRL-1089).
electrodes. The whole Faraday cup s t r u c t u r e i s i n an evacuated enclosure i n t o which t h e beam passes through a t h i n window. A magnetic f i e l d of 100 across t h e face of t h e Faraday cup serves t o reduce d r a s t i c a l l y t h e Li secondary e l e c t r o n emission. I n operation, change of t h e b i a s f o i l potenb t i a l from -500 v t o +5OO v caused only 1/2 percent change i n t h e apparent c a l i b r a t i o n of t h e ionization chamber, i n d i c a t i n g t h a t secondary e l e c t r o n emission was s u f f i c i e n t l y small.
W e c a l l t h e multiplication f a c t o r I of t h e ionization chamber t h e r a t i o between t h e s a t u r a t i o n current c o l l e c t e d i n t h e chamber and t h e c p r r e n t i n t h e Faraday cup. W e can w r i t e
where C i s t h e thickness of t h e chamber i n gr/cm2 of argon, d~/ d x i s t h e s p e c i f i c energy l o s s i n ev gr-I cm2 and n i s t h e energy i n ev spent f o r producing one ion p a i r . Asquming a t t h e maximum energy -d~/ d x = 3.08 x lo6 9 f o r argon we f i n d t h a t t h e energy w spent per ion p a i r produced i s 25.5 ev.
Assuming t h i s quantity t o be i n d e~e n d e n t of energy, and t h e range energy r e l a t i o n s of reference 9 t o be correct, we can c a l c u l a t e t h e m u l t i~l i c a t i o n f a c t o r of t h e chamber a t t h e other energie The i n t e n s i t y of t h e beam used varied from 5 x lo5 t o 5 x lo7 protons/ sec. The pulses during which t h e p a r t i c l e s come out occupied about onethousandth of t h e "beam on" time. The diameter of t h e beam was u s u a l l y Y 1.25 cm. The i n t e g r a t e d current i n t h e i o n i z a t i o n chamber was measured bg passing it i n t o a condenser and measuring t h e p o t e n t i a l across t h e condenser 1 0 with an electrometer c i r c u i t s i m i l a r t o t h a t of Vance.
The leakage r e s i stance of t h e system was about 1013 ohms. When necessary t h e energy of t h e hron, Hoffman, and Williams, AECU-663.
lo A . W. Vance, Rev. S c i . I n s t . 2, 4-89 (1936) .
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-8-beam was, reduced by i n s e r t i n g lithium absorbers before. t h e collimating channel. Lithium was chosen i n order t o minimize multiple s c a t t e r i n g which lowers t h e beam i n t e n s i t y , The energy of t h e protons emerging was. then deduced frpm t h e i r range i n copper and t h e t a b l e s of Aron, Hoffman, and 9 8 WiUiams which were a l s o checked by a d i r e c t experiment.
The t a r g e t s used were f o i l s of polyethylene ( c H~) , which weighed 283 mg
The compo.sition of t h i s substance was kindly checked by t h e l a t e D r , Otto Beeck o f , t h e S h e l l Development Company; it was found t o contain U.44 percent hydrogen by weight ( t h e o r e t i c a l f o r CH2 i s 14.37). I n s p i t e of t h e coincidence system t h e coincidence counting r a t e did not vanish i f we replaced CH2 by carbon of equal stoppifig power. These r e s i d u a l coincidences were mainly a c c i d e n t a l s and t h e i r r a t e could be kept low (1/10) with respect t o t h e main e f f e c t by c o n t r o l l i n g t h e i n t e n s i t y of t h e primary beam. I n order ,to s u b t r a c t them we used a carpon t a r g e t containing 1.43 times a s many carbon atoms per cm2 a s t h e CH2 t a r g e t . This t a r g e t hasa approximately t h e same stopping power f o r protons a s t h e CH2 t a r g e t , Since t h e way i n which t h e background should be subtracted i s not completely unambiguous it i s -~ important t o keep it small with r e s p e c t t o t h e main e f f e c t .
We c a l c u l a t e H, t h e e f f e c t due t o hydrogen, by t h e formula where CH2, C, and B a r e t h e number of counts obtained i f t h e same number of ,protons crossed t h e polyethylene t a r g e t , C t a r g e t , or no t a r g e t (blank r u n ) .
The . j u s t i f i c a t i o n of t h i s formula i s a s follows: Data from rreliminary work
show t h a t . f o r 1 s i n g l e count due t o hydrogen t h e r e a r e about 5 s i n g l e counts due t o carbon. On t h i s assumption, taking i n t o account t h e s o l i d angles subtended bg. t h e A and E c r y s t d s , we have f o r one count clue t o hydrogen i n c r y s t a l A when using a CH2 t a r g e t C r y s t a l A C r y s t a l B Accidental coincidences a r i s e from 5 counts i n c r y s t a l A and 45 + 8 = 53 counts i n c r y s t a l B. I f we use a carbon.target having t h e same stopping power a s t h e CH2 t a r g e t , it must contain 1.43 a s much C a s t h e CH2 t a r g e t .
W e have t h u s C r y s t a l A C r y s t a l B
The a c c i d e n t a l coincidences i n t h e case of t h e carbon t a r g e t a r e then 7 x 64 x u = 448 a where a depends on t h e instruments used and on t h e beam i n t e n s i t y . With t h e CH2 t a r g e t we have an a c c i d e n t a l coincidence r a t e given by 5 x 53 x a = 265 a; 265 a/(448 a) = 0.6. W e t h u s subtract t h e carbon background by subtracting t h e carbon e f f e c t multiplied by 0.6. It i s import a n t t h a t not only t h e t o t a l number of protons be t h e same but a l s o t h e current, because C and B are approximately proportional t o t h e current f o r a constant t o t a l number of protons a s i s t o be expected f o r a c c i d e n t a l coinci-
dences. Experimental v e r i f i c a t i o n t h a t t h i s procedure i s adequate has come from t h e agreement of cross s e c t i o n s measded over a considerable range of h beam i n t e n s i t i e s ,
' i
Geometry
The angle between t h e protons emerging from t h e t a r g e t , which would be 90° i n a n o n -r e l a t i v i s t i c case i s given by:
The deviation of (@ + a) from 90° may conveniently be approximated by ' (n/2) --
where E i s t h e k i n e t i c energy of t h e incident proton i n t h e lab. system.
The defining c r y s t a l A and t h e large? c r y s t a l B a r e located' as An Fkg. 1.
Given t h e dimensions and distance of c r y s t a l A, which d e f i n e n , t h e dimensions and distance of B must be so chosen t h a t a l l p-p s o a t t e r i n g processes which r e g i s t e r i n A r e g i s t e r a l s o i n B. The condition on t h e k h e i g h t of c r y s t a l B i s indicated i n Fig. 5 
which i s a projection i n a d i r e c t i o n paPall e l t o t h e beam d i r e c t i o n ,
The analogous condition on t h e width of c r y s t a l B involves t h e width of c r y s t a l A as well a s t h e thickness of t h e t a r g e t
.measured i n t h e d i r e c t i o n of c r y s t a l 8 . The s i z e of c r y s t a l B must be f u rt h e r increased t o allow f o r t h e e f f e c t of multiple s c a t t e r i n g of both emerging protons i n t h e t a r g e t material. I n a t y p i c a l case t h e dimensions of A a r e 1.8 cm high x 3.80 cm wide; of 3 3.80 em high x 2.51 cm wide; t h e distances TA and TB i n projection a r e 64 cm and 16 cm, The a c t u a l d i s t a n c e s between t h e t a r g e t and t h e f r o n t s of A itnd B a r e 80 crn and 30 ern r e s p e c t i v e l y .
I n t h e case described @ = f12.5~ and @ = 32.8O.
The d i s t a n c e between ,the t a r g e t and t h e c r y s t a l ;which d e f i n e s t h e s o l i d
. .
angle has been a r b i t r a r i l y measured from 4 mm i n s i d e of t h e c r y s t a l . W e do not know exactly how f a r a p a r t i c l e must peaetrate t h e c r y s t a l i n order t o be counted, but s i n c e t h e t o t a l distance between A and T i s more than 80 em,
-. t h i s uncertainty of 2 or 3 mtn can not make more than an e r r o r of abokt'0.8 percent i n t h e measurement of the s o l i d aa$le. A more sepious px'oblem i s t o + make sure t h a t t h e whole f r o n t of t h e c r y s t a l i s s e n s i t i v e . The b e s t evi-' f a c t t h a t s e v e r a l d i f f e r e n t p a i r s of c r y s t a l s i n d i f f e r e n t geometries gave t h e same cross s e c t i o n within s t a t i s t i c s . I n a previous paper we reported cross s e c t i o n s obtained with gas counters. They were systematically some-2 what higher than t h e ones obtsined with c r y s t a l counters.
The o r i g i n of t h i s discrepancy has been t r a c e d t o t h e f a c t t h a t t h e b r a s s w a l l s of t h e -11-UCRL -1109 counters were t h i c k (0.3 cm) , Protons h i t t i n g t h e b'rass could, by fiultiple scattering, be deviated i n t o t h e gas and thus counted. The order of magnitude of t h i s e f f e c t calculated i n a crude way was comparable with t h e d i sagreement between t h e gas counter cross sections and t h e present c r y s t a l C cross sections. To make c e r t a i n t h a t our explanation i$ correct, we put i n f r o n t of our c r y s t a l a brass tube t o simulate t h e geometry of t h e gas counte r s . Measurement of t h e cross sections with t h i s contraption again high values i n agreement with t h e gas counter r e s u l t s .
The angle between t h e t a r g e t and the beam was chdsen i n such a way t h a t the plane of t h e t a r g e t was tangent t o a c i r c l e defiried by the two c r y s t a l s and t h e point where t h e beam i n t e r s e c t s t h e t a r g e t . ' This minimiaes t h e deviations from t h e optimum geometry f o r the various points of the t a r g e t and i s e s s e n t i a l i f c r y s t a l A and crystay B a r e t o have approximately t h e same dimensions.
We checked many times t h a t upon changing t h e distance between A and T or B and T or both, within t h e l i m i t s p e s c r i b e d by t h e geometrical c r i t e r i a , t h e cross sections remained unchanged.
Experimental Procedure A t y p i c a l run proceeded a s f o l l d s : ?he defyecthd beam of t h e cyclot r o n was aligned photographically by rdplacing t h e t a r g e t T and ibnization chamber M of Fig. 1 with x-ray films which had f i d u c i a l marks a c c~r a t e l y located with respect t o t h e s c a t t e r i n g t a b l e .
After t h i s t h e plateaus of t h e coincidence counting r a t e H versus voltage i n t h e photomultiplier tubes @ere taken. Re$ults a r e shown i n ' 
6.
Following t h i s t h e height of t h e whole s c a t t e r i n g apparatub was.changed i n small steps an'd t h e coincidence countihg r a t e maximized. (~i g . 7.) This guaranteed t h a t t h e beam, c r y s t a l A and c r y s t a l B were i n a plane. Finally, keeping @ constant, was varied t o maximize t h e H count.. This l a s t check shows very c l e a r l y t h a t t h e energy of t h e impinging proton i s about 3-45 Mev (and t h a t 'the r e l a t i v i s t i c , e l a s t i c c o l l i s i o n laws a r e .obeyed). (Fig. 8.) 5
The e f f e~t vanishes %at 90°, indicating t h a t there were few very low energy protons i n t h e beam.
a After these t e s t s a measuring run s t a r t e d and. we report the numbers obtained i n a t y p i c a l case.
W e give a s an example t h e d e t a i l e d calculation of t h e eleventh l i n e ~f Table I . The angle ( P, measured d i r e c t l y is, 52.r0. Knowledge of t h e i n c ident proton energy allows calculation of t h e center of mass angle, 0 = 70.6O
using Eq. (3 ) . ere we always use whichever angle i s l e s s thaa 90' . ) The t a r g e t thickness i f .0.283 g r of CHZ, and t h e surface of t h e t a r g e t makes an angle of 54.1° with t h e beam. The number of t a r g e t atoms per cm 2 along t h e beam d i r e c t i o n i s N = 0.283 x 2 x 6.023 x 10*~/(14.03 x s i n 54.1°) = 3,000 x ld2 targetprotons/cm2. The dgfining c r y s t a l (A) has a face of 1.81 cm x 3.80 cm = 6.88 cm2, and is located at t h e e f f e c t i v e distance 80.2 cm from t h e t a r g e t . The s o l i d angle subtended by t h e counter, n , i s then 6.88/(80.2)* = 1.070 x sterad. Crystal B i s 3.80 cm high by 2.51 cm wide and i s located 30 cm from t h e t a r g e t . The ionization chamber f o r beam monitoring i s 5.10 cm deep, and i s f i l l e d with argon gas t o a pressure of 89.6 cm Hg a t 22% (82.9 cm Hg ' a t 0% ) . The t o t a l capacity i n t h e integrat i o n c i r c u i t i s 1.007 x l~-~ fd.; t h e , i n t e g r a t o r c i r c u i t i s observed t o read f u l l s c a l e with 0.993 v o l t s a t t h e input. From these f i g u r e s and t h e . .
data obtained i n t h e c a l i b r a t i o n with t h e Faraday cup w e calculate t h a t n = 6.86 x lo8 protons f o r f u l l scale integrator reading (tlintegrator v o l t " ) .
The number of counts per integrator Volt r e g i s t e r e d was a s follows:
2 2 4
Blank : 26 2 7;
t h e time required f o r one i n t e g r a t o r v o l t was about 100 seconds. From t h i s according t o Eq. (5) we obtain and EH (standard deviation) = 8.
-W e can now c a l c u l a t e t h e d i f f e r e n t i a 1 , s c a t t e r i n g cross section i n t h e center of mass system using Eqns.
(1) and.
(2), a(@ = 70.6O) = (3.67 2 .O.l6)
x cm2 s t e r a d -l . Table I and Fig. 10 show a l l t h e r e s u l t s obtained a t f u l l beam energy with t h i s method.
Small Angles A t small s c a t t e r i n g angles t h e use of polyethylene t a r g e t s becomes impractical because a coincidence system i s hampered by the d i f f i c u l t y of measuring t h e proton escaping a t low energy, and i f one abandons t h e coincidence procedure t h e s c a t t e r i n g by carbon becomes prohibitive. For th5s
reason we decided t o use Method I with a l i q u i d hydrogen t a r g e t and do away I with t h e coincidence method.
The experimental s e t u p i s schematically shown i n Fig. 9 . The l i q u i d hydrogen t a r g e t was b u i l t by D r . L. J . Cook and w i l l be described by him i n 1 1 another a r t i c l e .
The hydrogen containing p a r t of it i s a s t a i n l e s s s t e e l -tube 34.92 cm long and 5.08 cm diameter closed by two hemispherical f o i l s of s t a i n l e s s s t e e l 0.1 gr/cm2 thick. Also two' i d e n t i c a l hemispherical f o i l s l 8 form p a r t of t h e vacuum jacket. The beam, 1.3 cm i n diameter, passes through t h i s t a r g e t h i t t i n g only t h e four terminal hemispheres and t h e hydrogen but not t h e s i d e walls. The c r y s t a l counters A and B were connected i n coincidence and could d e t e c t p a r t i c l e s from t h e whole length of t h e hydrogen target. The measurements proceeded a s follows: f i r s t , t h e coincidence counting r a t e was determined with T f u l l of a i r , next with T f u l l of l i q u i d hydrogen b o i l i n g a t atmospheric pressure, and f i n a l l y t h e l i q u i d hydrogen w a s evaporl1 To appear soon, probably i n t h e Rev. S c i . I n s t . angle @ was vakied from 5 t o 25 degrees i n order t o overlap with measurements obtained by t h e coincidence system. The r e s u l t s a r e contained i n Table 11 . I t w i l l be noted t h a t t h e consistency of t h e data 9s good, but * there i s a deviation of about 10 percent between these data and those ob-, tained with t h e coincidence system. Bore work on t h i s point would clearly be desirable, because t h e discrepancy i s not yet accounted f o r . Table I1 Liquid H2 Run D i f f e r e n t i a l Angle 8 cross sect ion Error E c.m, system
a(@)
i n a ( @ ) l a b , system i n degrees i n 10-27cm2/sterad. i n 1 0~2 7 c~~/ s t e r a d~ i n Mev 11*3 5.1. 0.36
Lower Energies
Results a t reduced energies a r e reported i n Table 111 , and the different a i l cross sections a t go0 (c.m. ) are shown i n Table I11 D i f f e r e n t i a l cross s e c t i o n Err or E 4 @A i n DJQ) lab. systbm i n 10'27cm /sterad. i n 10'27cm /sterad. i n Mev 250 method (method 11) has been used a t reduced energies. The beam i s g r e a t l y
attenuated ( t o 1/100 normal i n t e n s i t y ) by multiple s c a t t e r i n g i n t h e lithium and t h e beam l o s e s i t s p a r a l l e l i s m so t h e only e f f e c t i v e collimation i s by t h e &-inch long collimating tube shown i n F i g . 3 . The e f f e c t of previous collimating s l i t s i s reduced d r a s t i c a l l y by t h e multiple s c a t t e r i n g . There-
fore, t h e beam i s more spread and more divergent than t h e f u l l energy beam and l a r g e r c r y s t a l s of s t i l b e n e have been necessary t o obtai'n s a t i s f a c t o r y geometry. Relative t o t h e proton beam i n t e n s i t y t h e background i s considerably increased, presumably due t o neutrons formed i n t h e lithium and i n -17 -
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t h e brass of t h e c o l l i m a t p ,
he erroks quoted i n Table I a r e standard deviations due t o s t a t i s t i c s only. I n addition t o these we have t o consider e r r o r s i n the various q u at i t i e s B, N, n, n, and @ which enter i n t h e expression f o r d B ) . For the target: area, mass, mif'ormity, composition. These a l l together may ,make 1 percent. The effective thickness of t h e t a r g e t depends on t h e angle 6 of Fig. 1 . The imprecision of t h e adjustment of t h i s angle may make another 1 percent error.
The measurement of H i s affected by s t a t i s t i c a l e r r o r s and by t h e unc e r t a i n t y inherent i n t h e background subtraction method. The measurement of t h e s o l i d angle of t h e c r y s t a l s i s affected by t h e precision of t h e geometr i c a l measurements which i s good (1.5 percent) but i s subject t o t h e assumpt i o n t h a t a l l t h e c r y s t a l i s sensitive. This i n t u r n 5s proved by t h e plat-
eaus of t h e coincidenee counting r a t e versus voltage. The e r r o r introduced here i s hard t o estimate and i s probably one of t h e weakest points of t h i s investigation. W e give a s an estimate 3 percent e r r o r . Some reassurance on t h i s point was ~b t a i n e d by using various s e t s of c r y s t a l s and distances. The cross section obtained were ident5cal within the s t a t i s t i c a l accuracy of t h e measurements.
Multiple s c a t t e r i n g i n t h e t a r g e t and i n t h e c r y s t a l s is negligible,
since c r y s t a l B was i n a l l cases s u f f i c i e n t l y l a r g e r than d i c t a t e d by geometical considerations alone.
The measurement of t h e current i n t h e primary beam i s subject t o t h e uncertainty of t h e e l e c t r i c a l apparatus, saturation of t h e current i n t h e , ' A l l together t h e imprecision may be estimated t o be t h e counting eprors shown i n Table I superimposed on a 5 percent e r r o r due t o other f a c t o r s .
The p o i n t s obtained a r e each independent of t h e others and represent absol u t e measurements. The agreement between them 'gives a f a i r idea of t h e o v e r a l l consistency of t h e experiment.
Analysis of t h e l i q u i d hydrogen r e s u l t s of Table I1 i n d i c a t e t h a t they * t o o should be given a 5-percent e r r o r superimposed on t h e counting e r r o r shown i n t h e t a b l e . Reduced Bnergy r e s u l t s (Table 111 ) a r e subject t o g r e a t e r u n c e r t a i n t i e s , amounting t o about 7 -perce rimposed on those of t h e t a b l e .
I n t e r p r e t a t i o n A maximum program f o r t h e i n t e r p r e t a t i o n of n-p and p-p s c a t t e r i n g experiments would be t o deduce t h e cross section from meson theory. A t t h e present stage of t h e theory t h i s i s c l e a r l y impossible and we must be cont e n t with more modest procedures.
The attempt has been made by many people t o i n t e r p r e t t h e s c a t t e r i n g experiments with v e l o c i t y 'independent f o r c e s .12 Accepting t h e usual s pmetry r e s t r i c t i o n s one i s l e f t , f o r . p a r t i c l e s of s p i n ' l / 2 , with a f a i r l y broad c l a s s of p o t e n t i a l s :
where V19 V2 and V3 a r e functions of t h e separation distance and may be d i f f e r e n t f o r even and od umbers of t ntum. a a n d g 2 a r e t h e spin operators and S12 i s t h e tensor f o r c e operator. These -1 attempts have been reasonably successful i n several cases i n explaining high energy s c a t t e r i n g with p o t e n t i a l s which a l s o show i t h t h e l2 A p a r t i a l l i s t includes M. Camac and H. A. Bethe, Phys. Rev. 22, 191 (1948) (1949) ; R. S. C h r i s t i a n and E. W. Hart, Phys,. Rev. 77, 441 (1950) ; R. S. C h r i s t i a n and H. P. Noyes, Phys. Rev. 2, 85 (1950) ; Robert bastrow, Phys. Rev. z, 389 (1950) .
low energy properties of t h e n-p or p-p system respectively. As an example of these attempts we report t h e r e s u l t s of c a l c u l a t i~n s by Christian "and Hart f o r ' t h e n-p s c a t t e r i n g in Fig, 12. , I t . w i l l be noticed t h a t whereas t h e form of t h e curves f i t s reasonably well, t h e calculated cross sections a r e i n a l l cases higher than t h e observed cross sections, " l 3 The t h e o r e t i c a l curves a r e t o be considered t h e best f i t s i n t h i s case, f o r t h e angular d i s t r i b u t i o n s a r e thought t o be b e t t e r known than t h e t o t a l cross sections. For instance, at 90 Mev t h e a n a l a r d i s t r i b u t i o n i s probably known t o a b o u t 5 percent while t h e t o t a l cross section i s known only t o 15 percent. (The uncertainties i n t h e t o t a l cross sections stem not from t h e cross section measurements themselves, ht from t h e u n c e r t a i n t i e s i n t h e e f f e c t i v e energies a t which the observed cross sections' should be considered t o apply, ) Nevertheless there i s a f a i r l y c l e a r discrepancy between calculated and observed cross 'sections f o r n-p s c a t t e r i n g a t 90 Mev, f o r t h e experiments indica%e t h a t the product Ebt i s d e f i n i t e l y l e s s than 8 x ~eo-cm2, while t h e calculated value of Christian and Hart i s 9.3 x r241ev-cm2.
For the p-p s c a t t e r i n g we show i n Fig. 13 t h e r e s u l t s of Christian and
Noyes. The parameters have been changed f o r us by Swanson, t o give t h e best f i t t o t h e present r e s u l t s , The forces used here d i f f e r from those used i n t h e n-p calculations of Fig. 12 mainly i n t h e addition of a strong odd-wave a tensor f o r c e with a s i n g u l a r i t y a t t h e origin. Within t h i s framework no way has been fourid t o remove t h e large discrepancy between observed and calcu-, l a t e d cross sections near 15O, 345 Mev. 10mission of t h e tensor part of t h e force would create an insurmountable d i f f i c u l t y inasmuch as it would produce a vanishingly small cross section a t 90°, l3 cook, ~c k l l a n , Peterson, and Sewell, Phys. Rev. 21, 7 (1949); J .
QeJuren and 8. Knable, Phys, Rev.. a, 606 (1950) .
I n view of t h e strong arguments from low energy phenomena' favoP6hg t h e i d e n t i t y of t h e n-n and p-p f o r c e s it i s very tehlpting t o extend t h i s r e s u l t and t r y t h e hypothesis of t h e i d e n t i t y of t h e n-p, p-p, and n-n i h t e r a c t i o n s .
Qualitative support f o r t h i s hypothesis has r e c e n t l y been given by Jastrow.
The low energy n-p and p-p s c a t t e r i n g experiments do not c o n f l i c t with t h i s viewpoint. The l a r g e apparent d i f f e r e n c e s between high energy n-p and p-p s c a t t e r i n g c r o s s s e c t i o n s do not r u l e out t h i s p o s s i b i l i t y because t h e Fauli p r i n c i p l e eliminates h a l f of t h e s t a t e s ( t r i p l e t s, s i n g l e t . p, e t c , ) from p-p o r n-n s c a t t e r i n g . The absence of h a l f of t h e s t a t e s i n t h e case of systems with i d e n t i c a l p a r t i c l e s gives a l a r g e leeway i n t h e choice of pot e n t i a l s t o f i t both problems
Actually t h e most t h a t we can hope t o do with t h e semiempirical l i n e of approach followed i s t o e x h i b i t a s p e c i a l p o t e n t i a l compatible with a l l t h e experimental m a t e r i a l a v a i l a b l e including high energy p-p ahd n-p s c a t t e r i n g .
It might be possible, however, t o do t h e apposite, namely t o prove t h a t t h e p o t e n t i a l s a r e d i f f e~e n t . The only simple theorem now known t o us i s t h e following: I f t h e n-p and p-p p o t e n t i a l s a r e t h e same and i f t h e r e are no tensor forces, then
Unfortunately, we know of no such l i m i t a t i o n f o r cases i n which t e n s o r f o r c e s a r e allowed. Furthermore even t h i s r e l a t i o n s h i p i s not v i o l a t e d a s f a r a s it i s now known. The case which comes c l o s e s t t o v i o l a t i o n of t h e above r u l e i s t h a t a t 260 Mev, where t h e p-p d i f f e r e n t i a l cross s e c t i o n i s ( 3 * 6 -+ 0.2) x cm2/sterad,, and t h e corresponding n-p cross sectfon i s (1.3 + 0.2) x 10-~7 c&/sterad. The r a t i o i s 2.8 _f: 0.5, so t h e r u l e (limited a s it i s ) i s not broken.
It remains, then, t o t r y t o show a t l e a s t o corresponds t o both p-p and n-p s c a t t e r i n g . W e ment s e s .of i n t e r e s t with which we have t h e g r e a t e s t f a m i l i a r i t y . F i r s t , t h e C h r i s t i a n and Hart p o t e n t i a l f o r t h e n-p s c a t t e r i n g used i n Fig. 12 gives f o r t h e p-p s c a t t e ring n e g l i g i b l e i n t e n s i t y i n t h e range of angles 50° Lo 90' and so disagrees with t h e p-p experiments.
Secondly, t h e C h r i s t i a n and N oyes p o t e n t i a l developed f o r p p s c a t t e ring may be applied t o t h e n-p s c a t t e r i n g , Fig. 14 shoMs t h e cross sections f o r n-p s c a t t e r i n g , a s calculated f o r us by Swanson with experimental points, using t h e same p o t e n t i a l as i n t h e p-p case of Fig. 13 . The agreement i s not excellent, but t h e q u a l i t a t i v e f e a t u r e s a r e reasonably well represented;
The c a l c u l a t i o n s have been made using Born approximation i n odd s t a t e s , but a more exact method has been used i n even s t a t e s . The unexpected behavior near 30° may be t h e r e s u l t of t h e approximation used. The calculated t o t a l cross section i s a s usual too high. These curves a r e included here because they give a b e t t e r f i t t o t h e n-p experiments than was a t f i r s t supposed, and f o r comparison with t h e c a l c u l a t i o n s of Jastrow .
The t h i r d case of i n t e r e s t i s t h a t of Jastrow,12 who chaoses a potent i a l w i t h a strong repulsion a t s h o r t distances. The same p o t e n t i a l has been used t o c a l c u l a t e both n-p and p-p s c a t t e r i n g . H i s r e s u l t s , along with experimental points, a r e shown i n Figs. 15 and 16. He has kindly extended h i s c a l c u l a t i o n s f o r u s t o include i n the angular d i s t r i b u t i o n t h e e f f e c t of
tensor f o r c e s i n odd s t a t e s . T h e ' c a l c u l a t i o n s were made using Born approxi-G mation except i n t h e case of t h e s-wave, where a more exact method has been used. The n-p curve of Fig. 16 shows unexpected maxima near 30' and 130° which a r e thought t o be peculiar t o t h e approximation used, I n Jastrow 1s r e s u l t s , a s i n those of C h r i s t i a n and Noyes, a Large d i screpancy appears i n t h e p-p s c a t t e r i n g a t 15O, 345 Mev. Coulomb e f f e c t s have not been included i n t h e c a l c u l a t i o n , However t h e coulomb e f f e c t , even i n a t h e form of interference with t h e s p e c i f i c a l l y nuclear scattering, h he f i g u r e shows t h e coincidence counting r a t e a t t h e average beam l e v e l used. ) Fig. 7 . Number of coincidences due t o C H~'~ or a f i x e d number of protons 9 crossing t h e t a r g e t versus height of t h e plane containing c r y s t a l s P AB and t h e t a r g e t . This plane i s i n i t i a l l y p a r a l l e l t o t h e beam and i s adjusted t o contain t h e beam by l i f t i n g t h e whole apparatus. . Not shown i s a t h i n heat shield which surrounds tli& % i + i d hydro& container and i s maintained a t l i q u i d nitrogen temperatiu'e.
A Fig. 10 . D i f f e r e n t i a l s c a t t e r i ction i n center of mass coordinate c , system, &€I). The e r r o r s shown a r e standard deviations from counting s t a t i s t i c s only. Circles: "CH2 t a r g e t , coincidence method (method 11). Crosses: l i q u i d hydrogen, single cbunter (method I ) .
Square: CH2 t a r g e t , single counter (method I ) . x 10-I3 om, r2 = 1.3 5 x 10-l3 cm, and r3 -1.6 x 10-l3 cm. Fig. U . n-p s c a t t e r i n g calculated with t h e same p o t e n t i a l used f o r p-p s c a t t e r i n g i n Fig. 13 . 
